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ABSTRACTE 


It is known that the presence of swirl in a flow stream 
can affect heat and mass transfer rates, and pulsatile flow 
has important aspects in physiological studies and in non- 
steady turbulent flows. This investigation consisted of an 
experimental study of the generation and decay of swirling 
flow in a duct utilizing a new method of swirl generation, 
and the measurement of the fluctuations imposed on the steady 
turbulent flow profile by pulsing the flow in a duct. New 
results were obtained that gave insight into the effects of 


Swirling and pulsing the flow through an axisymmetric duct. 
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Dm PRODUCTION 


acoEbulent flows are encountered in almost every appli- 
cation where fluid motion is involved. The case of turbulent 
flow through pipes has been investigated very thoroughly in 
the past due to its great practical importance. Moreover, 
the results obtained are not only important to pipe flow, 
but also greatly contribute to the fundamental knowledge of 
turbulent flows in general. 

Classical laminar pipe flow theory was first developed by 
nu Il] and Poiseuille [2]. A fluid is accelerated through 
a pipe under the influence of a pressure gradient which acts 
Ine direction of the axis and is retarded by the frictional 
shearing stress. At a sufficiently large distance from the 
entrance section the velocity distribution across the section 
becomes independent of the coordinate along the direction of 
flow and is given by 

u(y) = Py - Pz (RÍ - y?) (1) 
ME 1 
The velocity is distributed parabolically over the radius and 


the maximum velocity occurs where y = 0. The volume flow 


meee is found to be 


WT (P3 E 53) EH 


A= 
ሣማ 


Equation (2) is known as the Hagen~Poiseuille equation of 


laminar flow through a pipe. 





The relationship between the pressure gradient and the 
rate of flow (eqn. (2)) could be determined theoretically 
for the case of laminar flow and the results agree well with 
experiment. However, in the case of turbulent flow such a 
relationship can only be obtained empirically. Reynolds [3], 
Blasius [4] and Prandtl [5] have all developed semi-empirical 
hypotheses for the case of fully developed turbulent flow. 
Blasius established the following empirical equation for the 
Nal resistance (A) of smooth pipes of circular cross- 


section: 入 = 0.3164 人 (3) 
ሆ 


Ba ከኔ !'ሪ universal law of friction for smooth pipes is 


= 一 一 - 


LĄ — Mer ይማ 0.8 (4) 
Equations (3) and (4) were verified up to a Reynolds number 
of 3.4x10º by Nikuradse [6]. 

When a fluid enters a circular pipe the velocity 
distribution in cross-sections of the inlet length varies 
with the distance from the initial cross-section. In sections 
Glese to the inlet the velocity distribution is nearly uniform. 
Further downstream the velocity distribution changes due to 
the influence of friction until a fully developed velocity 
profile is attained at a given cross-section and remains 
constant downstream of it. The development length in turbulent 


flow is considerably shorter than in laminar flow. Nikuradse 


determined that the fully developed velocity profile exists 
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after an inlet length of 25 to 40 diameters, whereas for 
laminar flow the inlet length ranges from 150 to 300 pipe 
diameters. 

MIE introduction Of Swirl into the flow through a pipe 
alters the characteristics of the flow. It is known that 
Swirling flow increases heat and wall mass transfer rates 
as well as decreasing the mass flux through the system. 
Several investigators have attempted to formulate the problem 
of swirling flow by solving the complete Navier-Stokes 
equations. Many of these studies are discussed in the works 
of Murthy [7], Lavan and Fejer [8], Rochino and Lavan [9], 
and Farquhar, Norton and Hoffman [10, 11]. 

DO Study of swirling flows is of significant importance 
not only because it is a fundamental fluid flow phenomenon 
(vertex phenomena are found in nature in all scales, from the 
ከህ ያ That form the basis for turbulence to hurricanes and 
cyclones), but also because of its far-reaching applications. 
In gaseous nuclear reactor rocket motors, swirling motion 
Maybe Utilized to achieve prolonged hold-up time of the 
fissionable gas. In plasma generators the swirling flow 
stabilizes the arc distance and offers thermal protection to 
the chamber walls due to the increase in the heat transfer 
rate. In certain combustion devices the swirling motion of 
the gases improves stability and combustion efficiency while 
reducing the heat loss through the walls. Swirling flows are 


also used for the separation of particles, as cooling devices 
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(1.e., Ranque-Hilsch tube), for regulating rocket thrust 
En other applications, 

In many practical situations flow in ducts will have 
Ca sure gradient fluctuations. The theory for flow through 
a pipe under the influence of a periodic pressure gradient 
was first given by Sexl [12] and Uchida [13]. A recent study 
of randomly fluctuating pressure gradients was conducted by 
Perlmutter [14]. Pulsing flows through pipes have long been 
of interest in regards to the circulation system of the 
blood, and recently theories of pulsating flow are being 
applied to the super-charging system of reciprocating engines 
and the surging phenomena in power plants. 

This investigation has been conducted to determine the 
CES Of a new method of swirl generation on the turbulent 
flow profiles in a duct at several locations downstream from 
the Swirl generator, and to measure the decay of the swirl 
and the distortion of the mean flow by the use of X-array 
hot-wire anemometry. Velocity profiles at several axial 
stations were obtained for periodically pulsating flow and 


compared with the theoretical results of Uchida. 
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ti. EXPERIMENTAL APPARATUS 


The experimental apparatus used in this investigation was 
designed and constructed to permit the study of swirling 
andapulsing turbulent flow through an axisymmetric duct. 
Briefly, the equipment generates swirling or pulsing flow in 


a pipe and provides for continuously variable swirl velocities 


dae ulse amplitudes. Figure l is a picture of the experi- 
mental setup. The details of the equipment are discussed 
below. 


|| 025216 with quarter-elliptical wall contour was fabri- 
Gated from 65$ powdered aluminum-fill epoxy resin. It 
converged from an outside diameter of 32" to the eight-inch 
Ar meter of the duct in a length of 22 inches. Six static 
paure taps were located on the nozzle wall. The entrance 
pes nozzle was fitted with a 32-inch diameter, four inch 
thick, one-quarter inch honeycomb mest mounted on three 
rollers. The honeycomb was inserted to reduce vortex motion 
and to establish parallel flow. A driving roller was pully- 
driven by a Vickers hydraulic transmission coupled to a 
Craftsman 1/2-HP motor to make the honeycomb structure 
rotate at variable angular velocities. The rotation of the 
honeycomb structure imparts a tangential velocity component 
into the flow and thus acts as a swirl generator (Fig. 2a). 
The outside edge of the structure was sealed by a felt 
lining to prevent air leaks into the nozzle behind the swirl 


xemerdtor (Fig. 2). 
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The duct was constructed of ten sections of eight inch 
Giameter (7-7/8" inside diameter) extruded and reamed 
aluminum pipe, each section being four feet long. They were 
coupled by cork collars and clamped together. A final 
plastic section of the same dimensions connected the duct 
to the blower which allowed for zio of the damper 
motion. Forty static pressure taps were drilled into the 
duct and spaced one foot apart starting six inches from the 
exit of the nozzle. The duct was supported by ten cradling 
pods, each adjustable in height, so that the entire duct 
could be aligned and leveled (Fig.3). An inclined water 
manometer was connected to the wall static pressure taps and 
set at an angle of 30° to provide a sensitivity increase of 
w aaor of two (Fig. 4). 

Air was drawn through the system by a Navy Standard 
centrifugal fan driven by a 3-HP, 3-phase continuous speed 
ro electric motor (Fig. 5). The flow rate was con- 
trolled by a damper in the duct located at the blower 
entrance. The damper could be positioned and set at any 
angle from fully open to full closed. It was connected by a 
rod to a flywheel turned by a Vickers hydraulic transmission 
Maven by a Craftsman 1/2-HP capacitor motor to allow for a 
fluctuating mass flow through the system. The rod could be 
positioned at various radii from the center of the flywheel 


to give varying amplitudes to the damper. Varying the speed 
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of the hydraulic drive varies the frequency of oscillation 
of the mean flow through the duct. A gear-driven pot was 
attached to the damper arm to provide a reference wave form 
on the oscilloscope for the pulsating flow velocity profiles 
"ms 6). 

Once the system was constructed, data was taken with a 
Thermo-Systems model 1050 constant temperature linearized 
anemometer in conjunction with a model 1015C correlator. 

They were used with two X-array hot-wire probes to measure 
UU and Vo velocities. The two probes were identical except 
the plane of the two wires on one was rotated 90° from the 
other so that all three velocity components could be measured 
by means of the two probes (Fig. 7). A one psi Stratham 

|| ህክ pressure transducer was used to measure the wall 
static pressure fluctuations caused by the pulsing flow. The 
readings were recorded on Polaroid film by photographing the 


Signal on an oscilloscope. 
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ai SE PERT MENTAL PROCEDURE 


The basic experimental procedure used during this 
investigation began with dynamic pressure readings at one- 
DO inch intervals radially from the wall of the duct to 
Miemecnterline using a Prandtl-type calibrated pitot-static 
ሽ These readings were taken at each of the three 
experimental stations (see below) for flow without swirl or 
pulsation to provide a reference for the calibration of the 
X-array hot-wire probes (see Appendix A). The X-array hot- 
wire probe was then inserted in the duct and the anemometer 
properly zeroed. Then, with the probe located at the center- 
line of the duct, the linear Span on the anemometer was 
adjusted to give the desired voltage range. This was done 
with steady flow through the duct with no swirl or pulsation 
to provide the velocity voltage reference at each station. 

The swirl generator and damper were then adjusted to 
give the desired flow conditions in the duct. Experimental 
measurements were made at three stations along the duct: 
Station #1 was located three pipe diameters from the exit 
Ok Che nozzle; Station #2 was 21 se diameters from the 
nozzle exit; and Station #3 was 39 pipe diameters from the 
nozzle exit. At each station measurements were taken at 
eme halt inch radial intervals from the wall to the center- 
line of the duct. Swirl measurements were obtained from 


pae correloator. on a digital read-out voltmeter. Voltage 
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readings were recorded for Ea tE, COR CCE ውሎ: 
probes. These voltages were reduced to velocities by use 

of the calibration equations obtained for the probes (see 
Appendix A). For pulsing flow measurements, the output 

from the pot on the damper arm was displayed on the lower 
beam of a dual-beam oscilloscope and the hot-wire anemometer 
Ci Ut tO the upper beam. The outputs were then recorded on 
Polaroid film by photographing the signals on the oscilloscope. 
The same technique was used to record the wall static pressure 
data with the output of the static pressure transducer dis- 


played on the upper beam of the oscilloscope. 
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ከከ ከ. To AND DISCUSSION 


This experimental study of swirling and pulsing flow in 
a duct produced a number of new and interesting results. 
The data from the experiment are tabulated in Appendices 
|1 D, E and F. and are presented in graphical form on 
Figures 10 through 29. Results were obtained for two rates 
of swirl generation (corresponding to swirl generator 
velocities of 60 and 100 RPM) and for two different amplitudes 
ሚፈ إلا‎ 521011. The radial distribution of both the axial and 
tangential velocities was measured at three stations down- 
Eu | ‹ር51:1ር011 at three, 21 and 39 pipe diameters from the 
nozzie exit corresponding to entrance, developing, and nearly 
fully developed flow.' At each station measurements were 
taken at one-half inch radial intervals from the wall to the 
centerline of the duct. 

eures 10, 11 and 12 show a comparison of the axial 
velocity profiles for the two rates of swirl with the steady 
flow profile. It can be seen that the swirl distorts the 
axial velocity profile from the steady flow case, filling the 
profile out near the wall of the duct. The swirling component 
of the velocity tends to keep the same shape as it moves down- 
stream. The greater the swirl, the longer the flow retains 
its initial shape. It can also be seen that there is some 
BEStortion of the steady axial flow as it exits the nozzle 


"። 1] +1). The axial velocity profile has a bulge near 
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the wall of the duct which indicates that the nozzle is not 
uniformly accelerating the flow on each streamline as it 
passes through the nozzle. 

Figures 13, 14 and 15 show a comparison of the average 
axial velocity profiles for two amplitudes of pulsating flow 
with the steady flow profile. The larger amplitude pulsation 
distorts the flow shape more than the small amplitude pulse. 
Again, the average pulsing flow does not proceed toward a 
fully developed flow profile as quickly as the steady flow. 
Note also the bulge effect near the wall at Station #1 that 
was also observed with the swirling flow. 

Figures 16, 17 and 18 depict the axial velocity for the 
two rates of swirl and the steady flow as a function of 
s ar distance into the duct. As the flow exits the nozzle 
the presence of swirl gives a larger axial velocity than the 
Em row. The higher the rate of swirl, the greater the 
increase in the axial velocity. However, as the flow moves 
HowsSbream, the axial velocity for the swirling flow does not 
Increase as rapidly as for the steady flow, and soon is at a 
lower value than in the steady case. Near the wall the 
swirling flow has a greater axial velocity than the steady 
flow as the flow moves downstream. 

The axial velocity data were replotted on Figures 19, 20 
and 21 (which present the respective steady flow and two 
rates of swirl for all three stations) to facilitate a 


graphical integration to determine the volume flow rates (V). 
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By use of the equation 


VE Po r (r/r )ud(r/rj) (1) 


the volume flow rates tabulated in Table I were obtained. It 
was found that an increase in the swirl velocity decreased 
the volume flow rate slightly. 

The pulsing flow fluctuations were obtained by cycling 
the damper at a rate of one cycle every two seconds, or about 
60 pulses per minute. From the Polaroid photographs of the 
pulsing flow (see Appendix D) the mean flow velocities for 
both amplitudes of pulsation were obtained at the measured 
- ከ positions in the duct and tabulated in Tables II, III 
and IV. For the small amplitude pulsation the axial flow 
velocities fluctuated approximately 14-18 ft/sec above and 
below the mean flow velocity, with the larger fluctuations 
occurring at Station #3. For the larger amplitude pulsation 
the axial flow velocities fluctuated approximately 23-25 
ft/sec about the mean velocity, and this remained essentially 
the same for all three stations in the duct. The deviations 
from the mean velocity remained about the same magnitude at 
MT መ radial positions in the duct at each station for both 
large and small pulsation amplitudes. It was noted that the 
duper did not oscillate quite symmetrically for the large 
amplitude pulsation with the consequent slight differences 
between the minimum flow velocities for two consecutive 


pulses. 


ie 





:0 


The average axial velocities for the pulsing flow were 
obtained by taking the average value from the oscilloscope. 
Figures 22 and 23 show that the centerline flow velocities 
increase while the flow velocities near the wall decrease as 
the flow moves downstream. The velocities for the small 
amplitude pulse are significantly greater than for the larger 
amplitude pulse, but both are less than for the steady flow. 
A graphical integration of the curves shows that the volume 
flow rates for the pulsing flow are greatly reduced from the 
steady flow case (see Table I). The data for Station #3 in- 
dicated that the flow velocity decays at about the same rate 
for both large and small amplitude pulsation. 

A measure of the accuracy of the experimental measurements 
was also obtained from Table I. The volume flow rates were 
obtained at each downstream station for each of the flow 
Conditions. Since the mass flow through the duct must be 
conserved, a comparison of these flow rates between stations 
for each type of flow gives a good indication of the accuracy 
of the data. The volume flow rates at each station were found 
to be within 18 of the mean flow rate for all types of flow. 

Figures 24 and 25 show the tangential velocities as a 
function of radial distance. The curves are essentially 
straight lines and indicate that the solid body rotation 
initiated by the honeycomb has persisted. The tangential 
velocities show a tendency to decay faster near the center- 


tine of the duct than near the wall. Also, the smaller rate 
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of swirl decays at a faster rate than the larger swirl. 
Figures 26 and 27 show the angular velocities as a function 
መመ መ radial distance into the duct. The curves show a 
definite hump near the centerline which decays as the flow 
moves downstream. The bulge is more pronounced with the 
higher velocity swirl. 

The average wall static pressure data obtained on the 
manometer are plotted on Figure 28 and show that the static 
pressure change for the larger Swirl has a greater slope as 
the flow moves downstream. It starts as a smaller pressure 
drop than the steady flow and becomes a larger pressure drop 
as the flow moves downstream. The curves all indicate that 
the pressure drop is essentially a linear function of distance 
downstream. Figure 29 shows that the average wall static 
pressure drop is significantly reduced when the flow is 
pulsed, but still remains nearly linear with downstream 
distance. 

The wall static pressure fluctuations for pulsing flow 
are shown in Appendix F. From the photographs it can again 
be seen that the damper was not oscillating quite symmet- 
rically for the large amplitude pulsations. The wall static 
pressure fluctuations are observed to not give a regular 
periodic shape under the influence of the regular BIS 
pulsations. These pressure profiles indicate the presence 


of some non-linearities imposed on the flow by the pulsation. 
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Velocity measurements were also obtained for the radial 
velocity component of the flow with pulsation (see Appendix D). 
It was found that there was a periodic oscillation in the 
radial velocity that increased in magnitude with axial 
distance downstream in the duct. The mean radial velocity 
was very small and averaged only 1-3% of the mean axial 


velocity. 
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Ma CONCLUSIONS 


The results of this experimental investigation of 
Swirling and pulsing flow in an axisymmetric duct justify 
the following conclusions: 

l. The new method of generating swirl used in this 
experiment effectively introduced a tangential component of 
Velocity into the flow through the duct. The capability of 
adjusting the rotation rate of the swirl generator can be of 
great value when studying the effects on the flow of varying 
Swirl velocities. The swirl generator can be used at speeds 
up to 120 RPM and provides a unique method of swirl generation 
at ህር rotation rates. 

2. The presence of a swirl component in the flow through 
a pipe will produce a reduction in the mass flow rate through 
the duct. The presence of a periodic pulsating flow will 
Significantly reduce the mass flow rate. 

See the Swirl velocity decays at a faster rate near the 
centerline of the duct than near the wall. The smaller the 
Swirl component of velocity, the faster the rate of decay of 
the swirl. 

4. Both swirling and pulsing flows do not proceed toward 
a fully developed flow profile as rapidly as steady flow. 

5. The analytic study by Uchida shows that a maximum of 
velocity distribution exists near the wall for laminar flow 


with high frequency periodic fluctuations. This velocity 
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bulge was not observed in this experiment due to the 
relative slow pulsation rate used and the fact that the 
Mien was turbulent. 

6. The presence of pulsation in the flow through a pipe 
distorts the wall static pressure profile by imposing non- 
linearities on the flow. 

7. The presence of a periodically pulsating flow induces 


a small periodic radial velocity component into the flow. 
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TABLE 1 


VOLUME FLOW RATES 


Station #1 Station #2 Station #3 


Flow Type 3V 3V 3V Vave. 
(66 /sec) (ft /sec)  (ft°/sec) (ft/sec) 
Steady Flow 200357 zog 29.83 29.74 
Large Swirl 29.34 29222 29529 ZYCZE 
EN Swirl 29.45 po 20243 29-7 
Large Pulse PSŻ ባክ ከዕ 1750 1716 
Small Pulse 2265 2:925 22305 2209 
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MEAN AXIAL FLOW VELOCITIES FOR PULSING FLOW - STATION 41 


Small Amplitude Bene Amo Lica Ie 

r/r) U U/Uę U U/Uę 
(ft/sec) (ft/sec) 

02937 65.47 DOS Sea 0. 958 
0,873 67.74 "BODO BZ z 079568 
0.746 67.74 1.00 SN 02938 
0.492 67.74 1. 00 54.64 1.00 
02.238 67.74 1. 00 54.64 1.00 
0.0 67.74 10 54.64 1.00 
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MEAN AXIAL FLOW VELOCITIES FOR PULSING FLOW - STATION #2 


Small Amplitude Large Amplitude 

t/t, U U/U, U U/Ug 
(Ft ses) (ft/sec) 

023937 5989 0.760 5) ٢ 0.864 
0097 3 64.14 0.1 51.64 02 
0.746 68.76 0.880 51.64 0 72 
0.9 oo | 0-381 53.14 045 
02 25:87 0,941 د5‎ 4 0.918 
65 7502 0.3960 54276 0.946 
Z 76.64 1. 1 56,26 0 92 
5220 78.14 1,00 50320 02272 
0.00 78.14 0ل‎ bung 110 
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0.873 6 د‎ 2 0.05 48.23 07 
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0209 yap 0.898 ጋ ው OB? 
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02.5365 10.42 02056 Born 02955 
0.238 DL 1393 57-0 02276 
or POLO 1.200 57226 076 
0.00 100 1500 55 1.00 
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FIGURE 11, RADIAL DISTRIBUTION OF AXIAL VELOCITY AT 


STATION #2 FOR STEADY AND SWIRLING FLOW 
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AT STATION #2 FOR STEADY AND PULSING FLOW 
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FIGURE 15. RADIAL DISTRIEUTION OF MEAN AXIAL VELOCITY 


AT STATION #3 FOR STEADY AND FULSING FLOW 
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FIGURE 16. RADIAL DISTRIBUTION OF AXIAL VELOCITY AT 


STATION #1 FOR STEADY AND SWIRLING FLOW 
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FIGURE 18. RADIAL DISTRIEUTION OF AXTAL VELOCITY AT 


STATION #3 FOR STEADY AND SWIRLING FLOW 
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FIGURE 19. COMPARISON OF RADIAL DISTRIEUTION OF AXIAL 


VELOCITY FOR STEADY FLOW AT STATIONS #1, #2 & #3 
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FIGURE 21. COMPARISON OF RADIAL DISTRIBUTION OF AXIAL VELOCITY 


FOR FLOW WITH SMALL SWIRL AT STATICNS #1, #2 & #3 
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FIGURE 22. COMPARISON OF RADIAL DISTRIEUTION OF MEAN AXIAL VELOCITY 


FOR FLOW WITH LARGE AMPLITUDE PULSE AT STATIONS #1,#2 & 43 
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FIGURE 23. COMPARISON CF RADIAL DISTRIBUTION OF MEAN AXIAL VELOCITY 


FOR FLOW WITH SMALL AMPLITUDE PULSE AT STATIONS #1, #2 & #3 
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FIGURE 24, COMPARISON OF RADIAL DISTRIEUTION OF TANGENTIAL VELOCITY 


FOR FLOW WITH LARGE SWIRL AT STATIONS #1, #2 AND #3 
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FIGURE 26. COMPARISON OF RADIAL DISTRIBUTION OF ANGULAR VELOCITY 


- FOR FLOW WITH LARGE SWIRL AT STATIONS #1, #2 AND #3 
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FIGURE 27. COMPARISON OF RADIAL PISTRIFUTION OF ANGULAR VELOCITY 


FOR FLOW WITH SMALL SWIRL AT STATIONS #1, #2 AND #3 


3 





MOTs ONITEILS 7 05 


2 NAE 


VIVO TETMS TIVAS 


VIVO TUIMS 1 


VIVO MOTI AQVILS 


UO: SSOT 528115524834 OLLVLS JO NOLINGIHISIO TVIXV 


(SUNLUNVIO ddId) HONVISIQ TVIXV 


0٤ 


5*2 





ST 
| 


“Be “ROLA 


FT 
A A OT 


NT 


— 91 


(4S4) SSOT 21055314 DILVIS 


52 





2 


MOTI ONISTAd CNV ACVELS YUOs SSOT AUNSSudd DILVIS JO NOLINSIYLSIO TVIXV ‘62 HUNOIA 


(SUTIUNVIQ Adid) MONVISIO 67 
Se ko OC 5°22 51 ር 


ኣ/ pe Te 1 
En "FT" | 
a 

-ፐ” سم‎ OV) 01 
el 
መሽ « “ገ 

VIVO 35114 30015 ኒፖ 
一 ViVd USINd TIWS ገ 9T 
VIVO MOIS 56 0 8T 


iMd OILVIS 


5 


(ASd) SSOT HUNSS: 


DI 





APPENDIX A 
CALCULATIONS WITH THE X-ARRAY HOT-WIRE ANEMOMETER 


ne hot-wire anemometer, in essence, consists of a fine 
electrically heated tungsten wire ) in. in diameter) 
which is convectively cooled when placed in an airstream. 

The resistance of the wire, which varies with its temperature, 
is related to the mean speed of the airstream and the wire 
heating current. Thus, the measurement of the voltage drop 
across the wire relates to the mean velocity of the flow. 

The X-array hot-wires (Fig. 8) are separated by an angle 
of 90° and are inclined at an angle of 45° to the undisturbed 
flow. With the X-array hot-wire probes connected to the 
anemometer and the corresponding linearized output fed into 
Bie Ccorrelator (see Fig. 9), voltage readings can be made for 
ከ E, 1 ETE, 1 and E -Ep. CES and E, refer to the voltage 
drop across wire a and wire b respectively). 

Since the hot-wire responds to flow normal to it, by 
Simple trigonometry, 

E, = C (U + Va) C) 

HO GU a (2) 
When Bes O (no swirl), E. is set equal to Ey so that Ca Ch = C. 
E (use of the pitot static tube, the local velocity In ene 


duct can be obtained and used to calibrate the hot-wire probes. 


Now, with Vg = WNE ee er equations (1) and (2) give, 
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U = zę (Fa + Ex) (3) 
Vo SR - Ep) (4) 


Since the voltage output of the anemometer is linearized, 


equations (3) and (4) are used to determine the U and Vg 
velocities from the voltage readings obtained at the various 


EN Tons in the duct. 
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APPENDIX. B 


Station #1 


Data 
Hot-wire 
(volts) 


"JO 
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(ft/sec) 
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88. 


88% 


88. 
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STEADY FLOW DATA 
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5 


521011 2 
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(VOTES) 


60 


PO 
.145 
.64 
. 005 
.615 
.945 
5255 
2595 
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BICOL 
U 

(ft/sec) 
74.36 (E 
7609 0 
TORE? 0 
83 . 4 0 
87.94 0 
ARE 0 
94.00 0 
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99.90 0 
38290 0 
100.02 1 
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Hot-wire 

U/Ug U U/U, 

(ft/sec) 

1482 70701 0.700 
.769 73.64 9:730 
"OO 76898 08 
583537 83.02 0.830 
19099 a 0.876 
92947 955-1 0-552 
„030 O SS 0.93 
19962 99 يت‎ 02998 
IO 99296 0.552 
+ 99:98 1 DONO 1.00 
. 0000072 1 . 00 





Station #3 


Raw Data 


- Pitot Hot-wire 
(in. 120) (volts) 
1.937 2112 6263 
u. 905 24 70 2209 
0.873 20 7236 
048310 ። 222 8 
0.746 3.45 9.095 
0.619 2,88 8.665 
0492 31-9 51 
050305 4.7 9.48 
05238 4.96 DET 
D] 1] 2 10 92975 
0200 Sell 10,00 


Prtot 
U 
(ft/sec) 
75.27 
DSi 0 
20.75 0 
95:87 0 
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032420 0 
98721 0 
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105. 60 0 
107.08 0 
117 3 1 
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APPENDIX C 


SWIRLING FLOW DATA 


Station +1 


Large Swirl 


Raw Data 
B/r. U V U U/Ug Vg W 

(volts) fol es) (ft/sec) (ft/Sec EASE) 
0 7 4.48 Se 182L 0.578 Cor 一 -一 
ERRO O 5 4.60 1.80 30 1 0.501 ward? 105.84 
06873 ጋ 70 Cori 0.938 ZOO MOŻ ACE 
0.810 5210 52 89.04 0.999 26.54 99,92 
0.746 5110 wee > 90.43 1520050 23577 94.86 
9.619 5: 1:3 102 90.61 12017. 17201 87:69 
0.492 5 / 07 90:26 1.013 13.44 83.24 
0.365 5.15 0.62 39-00 1:009 EZ 90.34 
00238 get? 0.41 89.56 1005 06 91.65 
p Ill SA? 0 889.8 1.003 Du 62:592 
0.00 SOS 0.0 BOL 1.00 0.00 0380 
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U Vg 
(volts) (volts) 
A TA) === 
5. 06 1٢ 
5.10 1.00 
SII 0.80 
53 105 O.A 
S08 0256 
5,045 0.43 
5, 035 028 
5.015 0. 1:0 
501 U05 
5,015 0. 00 
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. 00 
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Station #2 
Large Swirl 


Raw Data 


E. U V U U/Ug Va W 
(volts) ome) (FT/SEC) (ft/sec) (rad/sec) 
2937 6-30 == „DT 04835 - ው 
305 6.70 2-6 82-7 0.876 27.301: 90.98 
0873 9. 755 2 17 84.45 0.884 263 ODRZ 
0.810 5.86 SOB Seri 02897 20.013 90.84 
0.746 | 935 pos l 86.70 0-205 21 95 87.34 
0.619 7-04 1S 88.02 0 Zi 14.75 12-82 
0.492 p 19 0.27 89,83 0.940 10.88 67 99 
81 365 23 073 91.89 0.14 915 10322 
0.238 feo} 0.51 93.96 0,983 6.38 81.66 
ELI n2 0. 08 Ee 02997 ١ 0 23 
0.0 7.645 0.00 95-58 1. 0 0.00 0. 00 
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Station #2 


Small Swirl 


Raw Data 


r/r, | U Ve U U/Uç Vo W 
Volts) (volts) (ft/sec) (ft/sec) (rad/sec) 

937 5.98 w 74.76 0721 ——— --- 

0.905 noe 15 1902 0.794 14.38 48.44 
DB 13 2225 "01 51-39 0 ٢ 1263 44.09 
er. 810 6.72 0 3 84.02 0.844 11 ک‎ 43.78 
0.746 0.985 0260 23 0.877 10 . 0 40.85 
0,619 ነን 05 0 . 50 Qu TE aec von 6:25 3058 
0.492 5.59 0302 94.89 0 9 نت‎ 4.00 24.77 
W. 365 TIAS 0.15 9021 0.981 1.8 15365 
8.238 0935 0-10 99.21 0-336 12255 16.00 
8-111 ye 906 07 WI ا‎ 0.259 DES 3.43 
m.oc E965 0.00 59-8 100 0.00 0.00 


62 





Seat on... 


Large Swirl 


Raw Data 


Er. U V U U/U V W 
(volts) ota) (ft/sec) : E IET 

2937 no. === SSES? 0.810 --- a 

0.905 738 141 POLO 0.855 ESA 50290 
0.873 7.80 128 83,00 0.301 4 2 47.90 
0.810 8.055 106 86.33 07 11 6 42411 
0.746 55 0:88 ርያ ር 0.940 Qum 3 23952 
0.619 8.24 072 GONE 0. 952 To.) 37.46 
0.492 8.36 0.49 89.60 0906 د‎ 2 3252 
0365 8.435 070 90.41 (om 2 26.88 
238 8.54 0 35 ጋሪ ት) 0987 T761 20:61 
221 8.61 0705 92228 0.225 0732 8.78 
0.00 8.655 0.00 92.76 1 0 . 0 0 . 0 
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Station #3 


Small Swirl 


Raw Data 
Dr U Vo U U/U, Ve ۷ 
(Volts) (volts) (ft/sec) (ft/sec) (rad/sec) 

ሥጋ. / 671 -= 1 ጋ 0777 一 一 ~- --- 

b 905 7125 02 77.49 Ce BO 93 د‎ 6272 
J.873 Fires ils 0 NIO 80,32 0.818 9265 33.0) 
0,810 7.865 0.74 84.30 07656 03 2965 
0.746 SE] 0 53 86 72 0.883 5.68 25020 
02619 8.415 US 2 90. 19 0296 3.43 16.99 
8-492 8/25 DAT 93 3:91 0 ۹0 1102 1117 
15 86035 0.09 SPA, 09 0.96 8.01 
1238 ODE S DENG maż 7 02.983 0.54 6.71 
02111 9 5 0.02 98.18 0.997 021 Soo 
0.00 9 0058/5 0 . 0 98.44 1.00 0.00 099801) 
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APPENDIX D 
PULSING FLOW DATA 
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steady and Swirling Flow (cont.) 
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